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In this paper, we have analytically investigated p-wave holographic superconductor in the
framework of massive gravity in the probe limit. We obtained the analytical expressions for
the critical temperature, the value of the condensate operator, and the difference of the free
energy between the superconductor and normal phases. We studied the behavior of these
quantities in the presence of the mass of graviton, which is found to be dependent almost on
the sign of the massive gravity couplings. The critical temperature becomes (lower)higher
and the condensate value gets (larger)smaller with (decreasing)increasing the massive gravity
couplings or increasing the mass of graviton with the sufficiently (negative)positive massive
gravity couplings. This fact corresponds to that the superconductor phase is (more)less
thermodynamically favored.
I. INTRODUCTION
Massive gravity is a modification of Einstein gravity in the infrared (IR) region with including a
mass to graviton. As a result, this modification leads to new physical degrees of freedom and thus
it has profound consequences such as the natural resolution for the acceleration of our universe
without introducing dark energy. The recently direct detections of the gravitational waves by
LIGO on the binary black hole merger have provided an upper bound on the mass of graviton as,
mg ≤ 1.2×10−22 eV [1]. This has made the question regarding whether graviton has mass become
more interesting. The first attempt to construct massive gravity was done by Fierz and Pauli [2].
Unfortunately, this massive gravity suffers from a pathology well-known as the van Dam-Veltman-
Zakharov (vDVZ) discontinuity [3, 4]. As showed by Vainshtein, the vDVZ discontinuity could
be resolved in a nonlinear framework by introducing higher-order interaction terms [5]. However,
this nonlinear massive gravity encountered the Boulware-Deser (BD) ghost [6]. In 2010, de Rham,
Gabadadze and Tolley proposed a successful nonlinear massive gravity theory which avoids the
vDVZ discontinuity and the BD ghost [7, 8].
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2The AdS/CFT correspondence [9] determines a relationship between the weakly coupled grav-
ity theory in (d + 1)-dimensional bulk AdS spacetime and the strongly coupled conformal field
theory living on the d-dimensional boundary. Hence, this correspondence has been regarded as a
powerful tool to explore physics of the strongly correlated system by using the weakly interacting
gravitational dual in one higher dimension. Based on the ideal of the AdS/CFT correspondence,
Hartnoll et al. built a model of s-wave holographic superconductor at which a complex scalar
field is coupled to the U(1) gauge field in the framework of Einstein gravity [10, 11]. It was found
that below a critical temperature RN-AdS black brane which is dual to the normal phase in the
boundary theory is the instability due to the condensate of the scalar field. Black brane with this
nontrivial configuration of the scalar field is dual to the superconductor phase in the boundary the-
ory. The model of s-wave holographic superconductor has been generalized to investigate p-wave
holographic superconductor at which the spin-1 order parameter in the boundary theory is dual
to a 2-form field [12], a SU(2) Yang-Mills gauge field [13], or a complex vector field [14, 15] in the
bulk theory.
The properties of holographic superconductors are dependent on the background of the black
hole geometry as well as the action form of the U(1) gauge field. Since the investigation of holo-
graphic superconductors has received much attention in the literature, which are considered in
alternative theories of gravity as well as in the nonlinear electrodynamics. The p-wave and s-wave
holographic superconductor models were investigated in Einstein-Gauss-Bonnet gravity [16–24] and
in the nonlinear electrodynamics [25–31]. Also, s-wave holographic superconductor was studied in
massive gravity [32, 33], in the background of the Lifshitz black hole geometry [34], and in the
background of the black hole surrounded by string cloud [35]. In addition, p-wave holographic
superconductor was considered in the background of the scalar hairy black hole [36].
Despite the great success of Einstein gravity at the large distances or in the IR region, there
is the consideration of alternatives to Einstein gravity in this region, which is motivated by the
phenomenological reasons. As mentioned above, one of IR modifications of Einstein gravity is
massive gravity which includes the mass terms for graviton. Therefore, it is interesting to generalize
the investigation of holographic superconductor to massive gravity. In addition, an interesting
aspect of holographic superconductor in massive gravity is that the momentum dissipation effect
of a lattice can be incoporated because the presence of the mass of graviton breaks the translation
symmetry [37]. With these interesting aspects, the investigation of holographic superconductor in
massive gravity has got attentions [32, 33], however, only the case of s-wave has been explored so
far. Hence, in this work we will construct a p-wave holographic superconductor model in massive
3gravity and study the role and physical impact of the graviton mass terms on the properties of
p-wave holographic superconductor.
This paper is organized as follows. In Sect. II, we introduce a p-wave holographic superconduc-
tor model in the probe limit in the black brane geometry background with the presence of the mass
of graviton. In Sect. III, we use the Sturm-Liouville analytical method to obtain an expression
for the critical temperature as a function of the charge density and then investigate the presence
of the mass of graviton on the behavior of the critical temperature. In Sect. IV, we determine
analytically the condensate value and study its behavior in the presence of the mass of graviton.
In Sect. V, we calculate the free energy for the superconductor and normal phases. Finally, we
conclude our main results in Sect. VI.
II. HOLOGRAPHIC DUAL MODEL
In this section, we construct a p-wave holographic superconductor model which is considered in
the context of massive gravity. The corresponding action is described by
S =
1
2
∫
ddx
√−g
[
R+
(d− 1)(d− 2)
l2
+m2g
4∑
i=1
ciUi(g, f) + Lmat
]
, (1)
where R is the scalar curvature of the spacetime, l is the AdS radius, mg is the mass of graviton,
ci are the coupling parameters, f is the reference metric which is of course a symmetric tensor, Ui
are symmetric polynomials in terms of the eigenvalues of the 4 × 4 matrix Kµν =
√
gµλfλν given
as
U1 = [K],
U2 = [K]2 − [K2],
U3 = [K]3 − 3[K][K2] + 2[K3],
U4 = [K]4 − 6[K]2[K2] + 8[K][K3] + 3[K2]2 − 6[K4],
with [K] = Kµµ. The matter term is given as
Lmat = −1
4
FµνF
µν − 1
2
(Dµρν −Dνρµ)† (Dµρν −Dνρµ)−m2ρ†µρµ + iqγρµρ†νFµν , (2)
where Fµν = ∇µAν − ∇νAµ with Aµ representing the U(1) gauge field, ρµ is the complex vector
field of the mass m and the charge q, Dµ = ∇µ − iqAµ, and γ refers to the magnetic moment of
the complex vector field ρµ. In this work we consider the case without the external magnetic field
and hence the last term in (2) is set to zero.
4We find a black brane solution with the metric ansatz
ds2 = −f(r)dt2 + dr
2
f(r)
+ r2hijdx
idxj , (3)
where hijdx
idxj = dx21+dx
2
2+...+dx
2
d−2 is the line element of the (d−2)-dimensional planar hyper-
surface. Following Ref. [37], we consider the reference metric in the form as fµν = diag(0, 0, hij).
In addition, we adopt the following ansatz for the gauge field and complex vector field
Aµ = φ(r)δ
t
µ, ρµ = ρx(r)δ
x
µ. (4)
By varying the action (1) with the ansatz for the fields given above, we obtain the equations of
motion in the probe limit as
d− 2
2r4
[
r2(d− 3)f + r3f ′]− (d− 1)(d− 2)
2l2
− m
2
g
2
[
(d− 2)c1
r
+
(d− 2)(d− 3)c2
r2
(d− 2)(d− 3)(d− 4)c3
r3
+
(d− 2)(d− 3)(d− 4)(d− 5)c4
r4
]
= 0, (5)
φ′′(r) +
d− 2
r
φ′(r)− 2q
2ρ2x(r)
r2f(r)
φ(r) = 0, (6)
ρ′′x(r) +
(
f ′(r)
f(r)
+
d− 4
r
)
ρ′x(r) +
(
q2φ2(r)
f2(r)
− m
2
f(r)
)
ρx(r) = 0. (7)
Eq. (5) leads to the following metric function f(r) [38]
f(r) =
r2
l2
(
1− r
d−1
+
rd−1
)
+m2g
[
c1r
d− 2
(
1− r
d−2
+
rd−2
)
+ c2
(
1− r
d−3
+
rd−3
)
+
(d− 3)c3
r
(
1− r
d−4
+
rd−4
)
+
(d− 3)(d− 4)c4
r2
(
1− r
d−5
+
rd−5
)]
, (8)
where r+ is the event horizon radius. The temperature of the boundary field theory is identified
as the Hawking temperature of the black brane and it is given by
TH =
(d− 1)r+
4pil2
+
m2g
4pi
[
c1 +
(d− 3)c2
r+
+
(d− 3)(d− 4)c3
r2+
+
(d− 3)(d− 4)(d− 5)c4
r3+
]
. (9)
For the fields well-behaving at the event horizon, we require the regularity condition as, φ(r+) =
0 and ρ′x(r+) = m2ρx(r+)/f ′(r+). The asymptotic behavior of the fields near the AdS boundary
(r →∞) is given by
φ(r) = µ− ρ
rd−3
, (10)
ρx(r) =
〈Ox−〉
r∆−
+
〈Ox+〉
r∆+
, (11)
where ∆± =
[
d− 3±√(d− 3)2 + 4m2l2] /2, µ and ρ are the chemical potential and charge den-
sity, respectively. It should be noted that first the mass of the complex vector field satisfies the
5Breitenlohner-Freedman bound [39] as, m2 ≥ − (d−3)2
4l2
. Second, according to AdS/CFT correspon-
dence, either 〈Ox−〉 or 〈Ox+〉 is interpreted as the source and the other is interpreted as the vacuum
expectation value of the x-component of the vector operator in the dual field theory at the AdS
boundary. From requiring that the condensate appears spontaneously, we impose the vanishing
source 〈Ox−〉 = 0.
By introducing the new coordinate z = r+r , one can rewrite Eqs. (6) and (7) as
φ′′(z) +
4− d
z
φ′(z)− 2q
2ρ2x(z)
z2f(z)
φ(z) = 0, (12)
ρ′′x(z) +
[
6− d
z
+
f ′(z)
f(z)
]
ρ′x(z) +
r2+
z4
[
q2φ2(z)
f2(z)
− m
2
f(z)
]
ρx(z) = 0, (13)
where the function f(z) is given by
f(z) =
r2+
l2z2
(1− zd−1) +m2g
[
c1r+
(d− 2)z (1− z
d−2) + c2(1− zd−3)
+
(d− 3)c3z
r+
(1− zd−4) + (d− 3)(d− 4)c4z
2
r2+
(1− zd−5)
]
. (14)
In the following sections, we will solve these equations to investigate the properties of p-wave
holographic superconductor in the black brane geometry background in the presence of the mass
of graviton. In what follows, we fix q = 1 and l = 1 which can be chosen by using the scaling
symmetries.
III. CRITICAL TEMPERATURE VERSUS CHARGE DENSITY
In this section, we determine the relation between the critical temperature Tc, below which the
condensate value 〈Ox+〉 is nonzero, and the charge density ρ. In order to obtain this relation, we
employ the analytical approach based on the Sturm-Liouville eigenvalue problem.
At the critical temperature Tc the condensate value 〈Ox+〉 vanishes and hence Eq. (12) becomes
φ′′(z) +
4− d
z
φ′(z) = 0. (15)
The solution of this equation is obtained as
φ(z) = r+cλ(1− zd−3) ≡ r+cλξ(z), (16)
where r+c is the horizon radius of the black brane with the temperature Tc, λ ≡ ρ
rd−2+c
, and we have
used the boundary condition φ(1) = 0 and the asymptotic behavior given at Eq. (10).
6In the limit that the temperature is near the critical temperature Tc, we can express ρx(z) in
the following form
ρx(z) = 〈Ox+〉z
∆+
r
∆+
+
F (z), (17)
where F (z) is a trial function which satisfies the conditions F (0) = 1 and F ′(0) = 0 consistent to
the asymptotic behavior given at Eq. (11). By substituting this form of ρx(z) and the solution
of φ(z) given at Eq. (16) into Eq. (13), we obtain the equation in the form of Sturm-Liouville
equation as
[
T (z)F ′(z)
]′ −Q(z)F (z) + λ2P (z)F (z) = 0, (18)
where
T (z) = exp
{∫
dz
[
6− d+ 2∆+
z
+
g′(z)
g(z)
]}
,
= z4−d+2∆+
{
1− zd−1 +m2g
[
c¯1z
d− 2(1− z
d−2) + c¯2z2(1− zd−3)
+(d− 3)c¯3z3(1− zd−4) + (d− 3)(d− 4)c¯4z4(1− zd−5)
]}
,
Q(z) = −T (z)
[
∆+
z
(
5− d+ ∆+
z
+
g′(z)
g(z)
)
− m
2
z4g(z)
]
,
P (z) =
T (z)ξ2(z)
z4g2(z)
,
g(z) =
1− zd−1
z2
+m2g
[
c¯1
(d− 2)z (1− z
d−2) + c¯2(1− zd−3)
+(d− 3)c¯3z(1− zd−4) + (d− 3)(d− 4)c¯4z2(1− zd−5)
]
, (19)
with c¯n ≡ cn/rn+c for n = 1, 2, 3, 4. From the Sturm-Liouville eigenvalue problem, the eigenvalue
λ2 in Eq. (18) is obtained by minimizing the following expression
λ2 =
∫ 1
0 T (z)F
′2(z)dz +
∫ 1
0 Q(z)F
2(z)dz∫ 1
0 P (z)F
2(z)dz
, (20)
where the trial function F (z) is chosen as F (z) = 1 − βz2 [40]. As a result, we can express the
critical temperature Tc in terms of the charge density ρ as
Tc =
1
4pi
{
d− 1 +m2g [c¯1 + (d− 3)c¯2 + (d− 3)(d− 4)c¯3 + (d− 3)(d− 4)(d− 5)c¯4]
}
×
(
ρ
λmin
) 1
d−2
, (21)
where λmin is the minimum value obtained from minimizing Eq. (20). The effect of massive gravity
on the critical temperature Tc is shown through which it enters into both the expression of Tc and
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FIG. 1: The ratio Tc/ρ
1/(d−2) as a function of the massive gravity couplings at mg = 1. In the left panel:
the blue, brown, green, purple, and red curves correspond to c¯2=−1, −0.5, 0, 0.5, and 1, respectively. In
the right panel: the blue, brown, green, purple, and red curves correspond to c¯1 = −1, −0.5, 0, 0.5 and 1,
respectively. The dashed black curves refer to the case of mg = 0.
λmin. Also, it should be noted that only the couplings c1,2 affect the critical temperature in the
case of four dimensions. Whereas, the couplings c3 and c4 modify the critical temperature if the
spacetime dimension is larger than four and five, respectively.
In order to understand better the effect of the massive gravity couplings on the critical tem-
perature, we plot the ratio Tc/ρ
1/(d−2) as a function of the massive gravity couplings for d = 4
and d = 5, as seen in figure 1. We observe that increasing the massive gravity couplings makes
the critical temperature increasing. In addition, we see that there exists a critical value for each
massive gravity coupling above which the critical temperature in massive gravity is higher than
that in Einstein gravity and hence the high temperature superconductors can be achieved in the
framework of massive gravity. Whereas, below this critical value the critical temperature in mas-
sive gravity is lower than that in Einstein gravity, and hence the p-wave superconductor phase
transition is harder to achieve in massive gravity. For example, in the left panel of figure 1, the
critical value of c¯1 corresponding to the purple curve is about −0.553 for c¯2 kept fixed. Whereas,
in the right panel, for c¯1,2 kept fixed, the critical value of c¯3 corresponding to the purple curve
is about 0.148. We note that at such critical values of the massive gravity couplings the term
c¯1 + (d−3)c¯2 + (d−3)(d−4)c¯3 + (d−3)(d−4)(d−5)c¯4 is nonzero, but the contribution of massive
gravity in the critical temperature via this term would compensate with its contribution via λmin,
and thus the critical temperature in massive gravity is equal to that in Einstein gravity.
Furthermore, in order to understand better the effect of the mass of graviton on the critical
temperature, we plot the critical temperature in terms of the mass of graviton for the remaining
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FIG. 2: The ratio Tc/ρ
1/2 as a function of the mass of graviton at d = 4 and m2 = 1/2. The blue, brown,
green, purple, and red curves correspond to c¯1 = −1, −0.5, 0, 0.5, and 1, respectively.
parameters kept fixed, given in figure 2. In the case of that the term c¯1 + (d− 3)c¯2 + (d− 3)(d−
4)c¯3 + (d−3)(d−4)(d−5)c¯4 is zero (or small enough), we see from this figure that the red curve in
the left panel decreases but the blue curve in the right panel increases with the growth of the mass
of graviton. This suggests that in this case the behavior of the critical temperature in massive
gravity is either increasing or decreasing function of the mass of graviton depending on that the
presence of massive gravity makes λmin decreasing or increasing. However, for the sufficiently large
amplitude of the term c¯1 + (d− 3)c¯2 + (d− 3)(d− 4)c¯3 + (d− 3)(d− 4)(d− 5)c¯4, the behavior of the
critical temperature depends crucially on the sign of this term. If this term is (negative)positive
then the critical temperature (decreases)increases with the growth of the mass of graviton.
In tables I and II, we compare the analytical and numerical results which are obtained by using
the Sturm-Liouville and numerical methods, respectively. We see that the analytical results are
good agreement with numerical ones and hence the Sturm-Liouville method is valid to investigate
p-wave holographic superconductor in massive gravity.
IV. CONDENSATE VALUE
In this section, we obtain an analytical expression for the condensate value 〈Ox+〉 and investigate
the effect of massive gravity on the behavior of 〈Ox+〉 in terms of the temperature. In order to
do this, we need to study the behavior of the gauge field by solving Eq. (12). Near the critical
temperature Tc, the condensate value 〈Ox+〉 is small. Hence one can expand the function φ(z) near
9c¯1 = 1 c¯2 = 2
c¯2 Analytical Numerical c¯1 Analytical Numerical
−1 0.120ρ1/2 0.122ρ1/2 −2 0.132ρ1/2 0.133ρ1/2
−0.5 0.137ρ1/2 0.139ρ1/2 −1 0.162ρ1/2 0.165ρ1/2
0 0.154ρ1/2 0.156ρ1/2 0 0.190ρ1/2 0.194ρ1/2
0.5 0.170ρ1/2 0.173ρ1/2 1 0.215ρ1/2 0.222ρ1/2
1 0.185ρ1/2 0.190ρ1/2 2 0.238ρ1/2 0.248ρ1/2
TABLE I: Analytical and numerical values for the critical temperature Tc for various values of c¯1,2, at d = 4,
mg = 1 and m
2 = 0 corresponding to ∆+ = 1.
c¯2 = −c¯3 = 1 c¯3 = −c¯1 = 1 c¯1 = −c¯2 = 1
c¯1 Analytical Numerical c¯2 Analytical Numerical c¯3 Analytical Numerical
−1 0.154ρ1/3 0.155ρ1/3 −1 0.161ρ1/3 0.161ρ1/3 −1 0.055ρ1/3 0.055ρ1/3
−0.5 0.175ρ1/3 0.177ρ1/3 −0.5 0.206ρ1/3 0.207ρ1/3 −0.5 0.105ρ1/3 0.105ρ1/3
0 0.196ρ1/3 0.197ρ1/3 0 0.250ρ1/3 0.252ρ1/3 0 0.152ρ1/3 0.153ρ1/3
0.5 0.215ρ1/3 0.218ρ1/3 0.5 0.290ρ1/3 0.295ρ1/3 0.5 0.198ρ1/3 0.199ρ1/3
1 0.234ρ1/3 0.238ρ1/3 1 0.330ρ1/3 0.338ρ1/3 1 0.242ρ1/3 0.244ρ1/3
TABLE II: Analytical and numerical values for the critical temperature Tc for various values of c¯1,2,3, at
d = 5, mg = 1 and m
2 = 0 corresponding to ∆+ = 2.
Tc in terms of 〈Ox+〉 as
φ(z) = r+λξ(z) + r+
〈Ox+〉2
r
2∆+
+
χ(z), (22)
where the function χ(z) satisfies the boundary condition χ(1) = χ′(1) = 0. By substituting this
expansion of φ(z) and the expression of ρx(z) given at Eq. (17) into Eq. (12), we obtain
χ′′(z) +
4− d
z
χ′(z)− 2λ
(
1− zd−3)
f(z)
z2(∆+−1)F 2(z) = 0, (23)
which can be rewritten in the following form[
χ′(z)
zd−4
]′
=
2λ
(
1− zd−3)
f(z)
z2(1+∆+)−dF 2(z). (24)
By integrating this equation with the boundary condition φ′(1) = 0, we find
χ′(z) = zd−4
∫ z
1
2λ
(
1− z˜d−3)
f(z˜)
z˜2(1+∆+)−dF 2(z˜)dz˜. (25)
Expanding of φ(z) near the AdS boundary, corresponding to Eq. (22), is given by
φ(z) = λr+
(
1− zd−3
)
+
〈O+〉2
r
2∆+−1
+
[
χ(0) + χ′(0)z +
χ′′(0)
2
z2 + · · ·+ χ
(d−3)(0)
(d− 3)! z
d−3 + · · ·
]
. (26)
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By comparing the coefficients of zd−3 in the right-hand sides of Eqs. (10) and (26), we find
ρ
rd−2+
= λ− 〈Ox+〉
2
r
2∆+
+
χ(d−3)(0)
(d− 3)! . (27)
Finally, we obtain the expression for the condensate value 〈Ox+〉 as a function of the temperature
as
〈Ox+〉 =
(
4pi
d− 1 + a
)1+∆+√d− 3
A T
1+∆+
√(
Tc
T
)d−2
− 1,
'
(
4pi
d− 1 + a
)1+∆+√(d− 3)(d− 2)
A T
1+∆+
c
√
1− T
Tc
, (28)
where
a ≡ m2g [c¯1 + (d− 3)c¯2 + (d− 3)(d− 4)c¯3 + (d− 3)(d− 4)(d− 5)c¯4] ,
A ≡ 2
∫ 1
0
z4−d+2∆+(1− zd−3)(1− βz2)2
{
1− zd−1 +m2g
[
c¯1z
d− 2(1− z
d−2)
+c¯2z
2(1− zd−3) + (d− 3)c¯3z3(1− zd−4) + (d− 3)(d− 4)c¯4z4(1− zd−5)
]}−1
dz. (29)
From this expression, we observe that the effect of massive gravity on the condensate value 〈Ox+〉
is manifested through the terms a and β. If the term a is (negative)positive and the contribution
of massive gravity through this term is dominant compared to its contribution via the term β,
it would make the denominator d − 1 + a in Eq. (28) (decreasing)increasing and thus 〈Ox+〉 is
(larger)smaller than that in Einstein gravity. This suggests that the condensate gets (harder)easier
to form in massive gravity.
In order to see explicitly the effect of the mass of graviton on the condensate value 〈Ox+〉, we
plot the dimensionless condensate value 〈Ox+〉/T 1+∆+c as a function of T/Tc for various values of
the massive gravity parameters in figure 3 and 4. We see from figure 3 that, when increasing the
massive gravity couplings, the value of the condensate operator becomes smaller. This behavior of
the condensate value 〈Ox+〉 happens similarly if the mass of graviton increases with the sufficiently
positive term c¯1 + (d− 3)c¯2 + (d− 3)(d− 4)c¯3 + (d− 3)(d− 4)(d− 5)c¯4, as seen in the right panel
of figure 4. This suggests that the condensate gets easier to form, which is consistent with the
behavior of the critical temperature as indicated in the previous section. On the contrary, for
decreasing the massive gravity couplings or increasing the mass of graviton with the sufficiently
negative term c¯1 + (d− 3)c¯2 + (d− 3)(d− 4)c¯3 + (d− 3)(d− 4)(d− 5)c¯4, the value of the condensate
operator becomes larger. On the other hand, in this situation, the condensate gets harder to form.
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FIG. 3: The dimensionless condensate value 〈Ox+〉/T 1+∆+c as a function of T/Tc at mg = 1. In the left
panel: the blue, brown, purple, and red curves correspond to the following coupling values (c¯1, c¯2)=(−1,−1),
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(0.25, 0.25, 0.5), and (0.5, 0.5, 0.8), respectively. The dashed black curves refer to the case of mg = 0.
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FIG. 4: The dimensionless condensate value 〈Ox+〉/T 1+∆+c as a function of T/Tc at d = 4 and m2 = 1/2.
The dashed black, blue, pink, brown, purple, and red curves correspond to mg = 0, 0.2, 0.4, 0.6, 0.8, and 1,
respectively.
V. FREE ENERGY FOR THE SUPERCONDUCTOR AND NORMAL PHASES
In this section, we study the behavior of the free energy near the critical temperature in the grand
canonical ensemble (where the chemical potential is kept fixed) to see the superconductor/normal
phase transition. The free energy is given by
Ω = TSE , (30)
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where SE is the Euclidean on-shell action computed as
−SE = i
2
∫
ddx
√−g
[
−1
2
∇µ (AνFµν)−∇µ
(
ρ†ν(D
µρν −Dνρµ)
)
+
1
2
Aν∇µFµν
]
,
= −Vd−2
2T
(
−1
2
√−hnrAµF rµ
∣∣∣
r→∞
−√−hnrρ†µ(Drρµ −Dµρr)
∣∣∣
r→∞
+
1
2
∫ ∞
r+
dr
√−gAν∇µFµν
)
,
= −Vd−2
2T
[
(d− 3)
2
µρ−
∫ ∞
r+
ρ2xφ
2
r4−df(r)
dr
]
, (31)
where
∫
dτdx1...dxd−2 = Vd−2/T with τ to be the Euclidean time, hij = diag
[−f(r), r2, ..., r2],
and nµ = (nr, ni) =
(
1/
√
f(r),
−→
0
)
. Then, the scaled free energy for the superconductor phase is
given by
2ΩS
Vd−2
=
d− 3
2
µρ−
∫ ∞
r+
ρ2xφ
2
r4−df(r)
dr. (32)
In the normal phase, we have ρx = 0, and hence the corresponding scaled free energy is given by
2ΩN/Vd−2 = (d− 3)µρ/2. By using the solution for φ(z) and ρ(x) obtained the previous sections,
one can find the difference of the scaled free energy between the superconductor and normal phases
as
∆Ω
Vd−2
≡ 2(ΩS − ΩN )
Vd−2
' −
(
4pi
d− 1 + a
)d−1 (d− 3)(d− 2)
A
(∫ 1
0
λ2z4−d+2∆+ξ2(z)F 2(z)
g(z)
dz
)
×T d−1c
(
1− T
Tc
)
. (33)
We show the difference of the scaled free energy between the superconductor and normal phases
in terms of T/Tc in the figures 5 and 6. These figures indicate that the superconductor phase
has the free energy smaller than the normal phase and hence it contributes dominantly to the
thermodynamics. In this way, below the critical temperature the superconductor phase rather
than normal phase is thermodynamically favored. In addition, decreasing the massive gravity
couplings or increasing the mass of graviton with the sufficiently negative term c¯1 + (d − 3)c¯2 +
(d − 3)(d − 4)c¯3 + (d − 3)(d − 4)(d − 5)c¯4 leads to that the superconductor phase is more stable.
This is because as indicated in the previous section the value of the condensate operator in this
case gets larger with the decreasing of the massive gravity couplings or the growth of the mass of
graviton, and thus much more energy is needed to break the condensate.
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FIG. 5: The difference of the scaled free energy between the superconductor and normal phases as a function
of T/Tc at mg = 1. In the left panel: the blue, brown, purple, and red curves correspond to the following cou-
pling values (c¯1, c¯2)=(−1,−1), (−0.5,−0.5), (0.5, 0.5), and (1, 1), respectively. In the right panel: the blue,
brown, purple, and red curves correspond to the following coupling values (c¯1, c¯2, c¯3) = (−0.5,−0.5,−0.8),
(−0.25,−0.25,−0.5), (0.25, 0.25, 0.5), and (0.5, 0.5, 0.8), respectively. The dashed black curves refer to the
case of mg = 0.
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FIG. 6: The difference of the scaled free energy between the superconductor and normal phases as a function
of T/Tc at d = 4 and m
2 = 1/2. The dashed black, blue, pink, brown, purple, and red curves correspond to
mg = 0, 0.2, 0.4, 0.6, 0.8, and 1, respectively.
VI. CONCLUSION
In this paper, we have analytically studied the effects of massive gravity on p-wave holographic
superconductor in the probe limit which the backreaction of the matter fields on the spacetime
geometry is ignored. We found that the massive gravity parameters affect significantly on the
critical temperature and the value of the order parameter in order:
• When increasing(decreasing) the massive gravity couplings, the critical temperature in-
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creases(decreases), whereas the value of the order parameter gets lower(higher).
• Above a critical value of each massive gravity coupling, the critical temperature in massive
gravity is higher than that in Einstein gravity, whereas the value of the order parameter is
smaller compared to the case of massless graviton.
These facts suggest that the high temperature superconductors can be achieved in the presence of
graviton mass with the proper parameters. In addition, we indicated that for the negative massive
gravity couplings, the superconductor phase with the stronger coupling amplitude or the more
massive graviton is more thermodynamically favored.
Note added.– When this paper was being finalized, a work recently appeared [41] which studied
the p-wave holographic superfluid model in massive gravity, using the numerical method.
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